Abstract: In the conventional wireless power transfer (WPT) using magnetic resonance coupling, power transfer efficiency (PTE) exhibits a peak only at a matched distance between transmitter (Tx) and receiver (Rx). That is, it rapidly degrades if the distance deviates from the matched distance. In order to achieve high PTE over a wide range of the distance, automatic range-adaptation technique is proposed in this work by using multi-loop technique and tunable matching circuit with digital capacitors. For automatic range adaptation, the microcontroller unit (MCU) in Rx runs an algorithm to find optimum loop and capacitance for best PTE based on the received power. Tx and Rx are synchronized by using low power Bluetooth wireless communications. Instead of the conventional relays, microelectromechanical system (MEMS) switches with low loss and high isolation are employed to minimize the power dissipation. The entire WPT system automatically maximize PTE with the distance, achieving high PTE of 80.5% at 30 cm and 29.7% at 100 cm.
Introduction
Magnetic resonant coupling technique allows an efficient wireless power transfer (WPT) up to a few meters, which can overcome the problem of the limited operating range of the magnetic induction technique. Therefore, it finds a lot of applications in the mid-range wireless charging of home appliances and electric vehicles. However, the efficiency peaks only at a specific distance between transmitter (Tx) and receiver (Rx), and it rapidly drops as the distance changes. Therefore, there are intensive researches to achieve the high efficiency even though the distance changes, what is called, range-adaptive WPTs, using frequency and impedance tuning techniques [1] [2] [3] [4] [5] [6] [7] [8] .
In the frequency tuning method, operating frequency is adjusted to provide low reflection and thus high efficiency depending on the distance or to overcome the frequency splitting effect at very near distance [1] [2] [3] [4] . However, it needs a wide bandwidth of operation and frequency-tunable signal source. Impedance tuning technique is commonly used for range-adaptive WPTs. It is based on the fact that input impedance of magnetic resonant WPT is matched to the system impedance only at a specific distance and varies according to the distance. Therefore, the efficiency can be recovered if tunable matching circuit is utilized to match input impedance to system impedance depending on the distance. In [9] [10] [11] [12] , tunable capacitors, switching capacitors, and switches were used as tunable matching circuit (TMC) for the range-adaptive WPTs.
However, the input impedance of magnetic resonant WPTs exhibits very wide variation according to the distance. Therefore, the impedance tuning method alone can allow the very limited performance in the range adaption. In order to extend the adaptation range, the coupling between loop and coil can 2 of 12 be adjusted according to the distance by changing the orientation or the distance between loop and coil [5] . However, this method requires a mechanical tuning using motors for automatic adaptation which leads to the increase of DC power consumption and system complexity. Recently, multi-loop WPT has been introduced to improve the range adaptation [13] by the authors' group of this paper, where four loops with different size were employed, and only one loop was selected according to the distance. It adjusts the coupling factor between the coil and loop such that the variation of input impedance with distance is dramatically reduced. It allows the WPT to adapt and maintain high efficiency over wider range of the distance using simple TMC.
However, the multi-loop WPT in [13] employed three relays for the loop switching among four loops at each Tx and Rx. Even though relays provide very low loss, they have several drawbacks such as high power dissipation and low switching speed. In addition, input impedance was measured using directional coupler and rectifier which are also bulky and expensive. Moreover, a personal computer was used and connected to both Tx and Rx to calculate input impedance and to control the loop-switching and TMC. Thus, the WPT in [13] was not practical for real applications.
In this work, we propose an automatic range-adaptive WPT which is compact and low-power consuming, using microcontroller unit (MCU), MEMS switch, digital capacitors, and Bluetooth module. Therefore, it is well-suited for the practical applications. In the proposed WPT, MCU measures the received power at Rx and runs the algorithm to find the optimum loop and capacitances for impedance matching, so that the complex impedance measurement circuits and personal computer can be removed. The same loop and capacitance as those in Rx are selected in Tx via Bluetooth Low Energy (BLE) communications. In addition, MEMS SP4T switch allows low-loss and fast loop switching with almost no power consumption, compared with conventional relay switches. The varactor in the TMC is replaced with digital capacitors which can be easily controlled by digital signals of MCU. In Section 2, the details of the proposed system are explained together with the design considerations. The measured performance is presented in Section 3. Figure 1 shows the block diagram of the proposed WPT system in this work, where four loops and single coil were used at the respective Tx and Rx. The operation frequency f 0 was 13.56 MHz. The loops had different diameters, and thus different mutual inductance with coil. During the operation, one of four loops was connected by the SP4T switch, and the impedance was matched by TMC, to provide the best efficiency with the distance between Tx and Rx. All of these procedures were automatically controlled by the MCUs, which are placed in both Tx and Rx. The MCU in Rx sets up wireless connection between the central and peripheral BLE modules to communicate the information on control voltages of the switches and TMCs. Then, both MCUs connect one of the loops (the same loop in Rx and Tx) and tune the TMC (the same value in Rx and Tx), and the Rx MCU measures the rectified voltage and computes efficiency. Finally, the Rx MCU finds and sets the optimum loop and TMC that generate maximum efficiency. 82 Figure 2 shows the analog circuit part of the proposed WPT system which consists of a coil and 83 four loops at Tx and Rx, respectively. As shown in this figure, Tx and Rx were symmetric except for 84 the rectifier in Rx. That is, the coils, loops, series loop capacitors ( , ), SP4T switches, and TMCs 85 (digital capacitor banks) were identical in Tx and Rx. Note that one of the four loops was only 86
Proposed WPT System

System Operation
connected by an SP4T switch during the operation. TMC was simply designed using a shunt 87 capacitance (digital capacitor bank) by modifying the loop capacitances from the resonant values. It 88 will be explained later in more detail. 
91
Prior to discussing multi-loop technique, a conventional wireless power transfer system using a 92 single loop was analyzed using an equivalent circuit given in Figure 3 . Coils are represented with 93 self-inductance , self-capacitance , and resistance . Figure 2 shows the analog circuit part of the proposed WPT system which consists of a coil and four loops at Tx and Rx, respectively. As shown in this figure, Tx and Rx were symmetric except for the rectifier in Rx. That is, the coils, loops, series loop capacitors (C l,i ), SP4T switches, and TMCs (digital capacitor banks) were identical in Tx and Rx. Note that one of the four loops was only connected by an SP4T switch during the operation. TMC was simply designed using a shunt capacitance (digital capacitor bank) by modifying the loop capacitances from the resonant values. It will be explained later in more detail. 82 Figure 2 shows the analog circuit part of the proposed WPT system which consists of a coil and 83 four loops at Tx and Rx, respectively. As shown in this figure, Tx and Rx were symmetric except for 84 the rectifier in Rx. That is, the coils, loops, series loop capacitors ( , ), SP4T switches, and TMCs 85 (digital capacitor banks) were identical in Tx and Rx. Note that one of the four loops was only 86
Prior to discussing multi-loop technique, a conventional wireless power transfer system using a 92 single loop was analyzed using an equivalent circuit given in Figure 3 . Prior to discussing multi-loop technique, a conventional wireless power transfer system using a single loop was analyzed using an equivalent circuit given in Figure 3 . Coils are represented with self-inductance L c , self-capacitance C c , and resistance R c . They were designed to resonate at f 0 and to provide high quality (Q) factor. A single-turn loop is represented with L l and R l . C l is an external capacitor including a self-capacitance of the loop and determined to resonate with L l at f 0 . k 12 and k 23 are the coupling coefficients between coil and loop and between Tx and Rx coils, respectively. Power transfer efficiency (PTE) η and input impedance (Z in ) of the magnetic resonant WPT at f 0 are given by (1) and (2), respectively [5] : 
where Q 1 and Q 2 are Q-factors of loop and coil at f 0 , respectively. P avs and P L are the available power from Tx signal generator with source resistance R 0 (50 Ω), and the power delivered to the matched load (R 0 ) in Rx, respectively. Therefore, the PTE η in (1) is equal to transducer power gain (|S 21 | 2 ) of the 2-port network shown in Figure 3a with reference impedance R 0 [13, 14] . In this paper, the term PTE or efficiency is used to evaluate the performance of the wireless power transfer system. Note that k 23 is proportional to 1/d 3 23 , where d 23 is the distance between the coils in Tx and Rx [14, 15] . From (1), it can be found that PTE is a strong function of the distance, d 23 , and there exists an optimum k 23,opt or d 23,opt given by (3), providing a maximum PTE, at which the input impedance (Z in ) is matched to R 0 (system reference impedance):
(3) Figure 3b shows the simulated PTE using the parameters of the loop and coil fabricated in this work which are given in Tables 1 and 2 . The loop 1 was used in this simulation with a capacitance C l of 120.7 pF resonating with L l = 1.141 µH at f 0 = 13.56 MHz. As shown in this figure, the conventional WPT system with a single loop (loop 1) showed a very high PTE of 87.0% at d 23 = 32.5 cm which was an optimum distance (d 23,opt ) in this case. However, PTE rapidly decreased if d 23 deviated from 32.5 cm. Figure 4 shows the simulated Re {Z in } and Im {Z in } as a function of the distance d 23 of the conventional WPT system (a). It is shown in this figure that Z in was matched to R 0 at d 23 = d 23,opt = 32.5 cm, and varied with the distance, as also implied by (1) and (2) . Therefore, in order to achieve high PTE, TMC can be designed such that Z in should be matched to R 0 as d 23 changes. However, the conventional single-loop WPT showed very wide variation in Z in as d 23 changed from 10 to 100 cm; real part from 4.5 to 760.4 Ω, and the imaginary part from 0.0 to −j85.6 Ω. Therefore, complex TMC is required to transform widely-varying Z in to R 0 [9] [10] [11] . matched load ( 0 ) in Rx, respectively. Therefore, the PTE η in (1) is equal to transducer power gain 102 (| 21 | 2 ) of the 2-port network shown in Figure 3a with reference impedance 0 [13, 14] . In this paper, 103 the term PTE or efficiency is used to evaluate the performance of the wireless power transfer system. Figure 3b shows the simulated PTE using the parameters of the loop and coil fabricated in this 109 work which are given in Tables 1 and 2 . The loop 1 was used in this simulation with a capacitance 110 of 120.7 pF resonating with = 1.141 μH at 0 = 13.56 MHz. As shown in this figure, the 111 conventional WPT system with a single loop (loop 1) showed a very high PTE of 87.0% at 23 = 32.5 112 cm which was an optimum distance ( 23, ) in this case. However, PTE rapidly decreased if 23 113 deviated from 32.5 cm. 114 Figure 4 shows the simulated Re { } and Im { } as a function of the distance 23 of the 115 conventional WPT system (a). It is shown in this figure that was matched to 0 at 23 = 23, 116 = 32.5 cm, and varied with the distance, as also implied by (1) and (2) . Therefore, in order to achieve 117 high PTE, TMC can be designed such that should be matched to 0 as 23 changes. However, 118 the conventional single-loop WPT showed very wide variation in as 23 changed from 10 to 100 119 cm; real part from 4.5 to 760.4 Ω, and the imaginary part from 0.0 to −j85.6 Ω. Therefore, complex 120 TMC is required to transform widely-varying to 0 [9] [10] [11] . 
125
In order to solve this problem, the multi-loop WPT can be used based on the fact that 23, or 126
23,
is a function of 12 from (3) [13] . The coupling factor 12 between loop and coil can be 127 adjusted by changing the distance 12 or the size of the loop. In the multi-loop WPT, 12 was 128 adjusted by connecting a different size loop depending on 23 , so that there could exist several 129 optimum distances providing impedance matches. In addition, connecting one of four loops 130 depending on the distance greatly reduced variation as shown in Figure 4 , where Re { } and 131
Im { } varied from 4.5 to 67.5 Ω, and from 0.2 to −1.9 Ω, respectively, while 23 changed from 10 to 132 100 cm. Therefore, the combination of the multi-loop technique and tunable matching can maintain 133 high PTE over a wide range of the distance. also varies as the load impedance changes. The 134 simulation shows that this variation due to the load impedance can be mitigated by using multiple 135 loops instead of a single loop. 136
Tunable Matching Circuit 137
As stated earlier, the multi-loop technique can greatly reduce the variation with respect to 138 23 , which simplifies TMC design. In the conventional single-loop WPT system, the loop capacitance 139 was determined to resonate at 0 with the loop inductance . In this work, we used higher loop 140 capacitance ( , ) (as listed in Table 3 ) so that input impedance became inductive, as shown in Figure  141 5, and thus impedance match could be simply fulfilled by using a single shunt capacitor only. Figure  142 5 shows the input impedance of the WPT system on a Smith chart at distances 40, 45, and 50 cm when 143 the loop 2 is selected. As illustrated, a simple shunt capacitor (173, 120, and 55 pF, respectively) is 144 enough to transform input impedances to 0 . 145 In order to solve this problem, the multi-loop WPT can be used based on the fact that k 23,opt or d 23,opt is a function of k 12 from (3) [13] . The coupling factor k 12 between loop and coil can be adjusted by changing the distance d 12 or the size of the loop. In the multi-loop WPT, k 12 was adjusted by connecting a different size loop depending on d 23 , so that there could exist several optimum distances providing impedance matches. In addition, connecting one of four loops depending on the distance greatly reduced Z in variation as shown in Figure 4 , where Re {Z in } and Im {Z in } varied from 4.5 to 67.5 Ω, and from 0.2 to −1.9 Ω, respectively, while d 23 changed from 10 to 100 cm. Therefore, the combination of the multi-loop technique and tunable matching can maintain high PTE over a wide range of the distance. Z in also varies as the load impedance changes. The simulation shows that this variation due to the load impedance can be mitigated by using multiple loops instead of a single loop.
Tunable Matching Circuit
As stated earlier, the multi-loop technique can greatly reduce the Z in variation with respect to d 23 , which simplifies TMC design. In the conventional single-loop WPT system, the loop capacitance C l was determined to resonate at f 0 with the loop inductance L l . In this work, we used higher loop capacitance (C l,i ) (as listed in Table 3 ) so that input impedance became inductive, as shown in Figure 5 , and thus impedance match could be simply fulfilled by using a single shunt capacitor only. Figure 5 shows the input impedance of the WPT system on a Smith chart at distances 40, 45, and 50 cm when the loop 2 is selected. As illustrated, a simple shunt capacitor (173, 120, and 55 pF, respectively) is enough to transform input impedances to R 0 .
A tunable capacitor can be implemented by varactor or digital capacitor bank. The varactor exhibits a relatively small capacitance variation ratio (<1:3.25) considering power handling capability and breakdown and requires an analog control voltage, which is generated by low-pass filtering the PWM output of the MCU [13] . The low-pass filter should be designed to have enough settling time to reduce the ripples in the control voltages, which leads to a long time required to tune the capacitance.
On the contrary, the digital capacitor bank can be easily tuned at very high speed by the MCU. In this work, five of 10-bit digital capacitors (NCD2100TTR by IXYS) were used in parallel as tunable capacitors to provide the capacitance from 33.0-187.8 pF (1:5.69), depending on the digital control voltages, as illustrated in Figure 2 . The capacitance was adjusted to a very high speed of 220 µsec by applying a serial digital data (V data ) and clock signal (V clk ) from MCU. 
Coil and Loops
The number of turns and diameter of the coil were determined to provide a high Q-factor at the resonance frequency f 0 of 13.56 MHz. There were four loops with different sizes, as shown in Figure 2 . The diameter of each loop was determined such that the coupling coefficient (k 12 ) between the coil and the loop allowed impedance match at certain distances. For example, the largest loop 1 (diameter = 34 cm) allowed an impedance match at around d 23 = 35 cm, and the smallest loop 4 around d 23 = 100 cm. Therefore, one of the four loops will be connected by the SP4T switch to provide an impedance match depending on the distance d 23 . The coils and loops were fabricated using a copper wire of a diameter of 0.3 cm and their dimensions are presented in Table 1 . This includes the extracted inductance, Q-factor, and resistance from the measured data using vector network analyzer and LCR meter.
The coil and loops were separated by 1.5 cm (d 12 ). Coupling coefficients k 12 between the coil and each loop were computed using INCA calculator and listed in Table 1 [16] . The same tool was also used to find coupling coefficients k 23 between Tx and Rx coils as a function of distance d 23 as listed in Table 2 . The values in Tables 1 and 2 were used to design and simulate the conventional single-loop and proposed multi-loop WPT systems. Table 3 . Values of loop capacitors and rectifier. 
SP4T Switch
In the proposed WPT, one of four loops was connected depending on the distance, which was carried out by the SP4T switch. Relays (ARE10A06 by Panasonic) are widely used as switches, since they have high power capability, very low loss (~0 dB), and high isolation at a few tens of MHz frequencies [13] . However, they consume a lot of direct current (DC) power (200 mW per relay) with low switching speed (~10 ms). In addition, the driver circuit was required, because MCU output current is too small to directly drive the relays. In order to solve these problems, the relays can be replaced with semiconductor switches, which have almost no DC power consumption, high switching speed, and simple driver circuit. However, the semiconductor switch exhibits a non-negligible loss even at a few tens of MHz frequencies. For example, the GaAs SPDT switch (HMC544A by Analog Devices) shows 0.25 dB loss at f 0 (13.56 MHz), so that total loss of the SP4T switch is 0.5 dB. It corresponds to an on-resistance of 5.3 Ω. This may drastically reduce PTE of the WPT system, when the input impedance of the WPT system (Z in in Figure 3a) is lower than 50 Ω. In the WPT system in [13] , Re {Z in } ranges from 5 to 50 Ω and is matched to 50 Ω by TMC. Figure 6 shows the simulated loss of the switch with on-resistance of 5.3 Ω when the switch is terminated with the impedance Z term at both ports. The loss is 0.5 dB (efficiency = 89.1%) at Z term = 50 Ω. It greatly increases to 3.7 dB (efficiency = 42.6%) at Z term = 5 Ω. Note that the switch is used at both Tx and Rx, so that the total PTE will be dramatically reduced by the loss of the switch. Therefore, the semiconductor switches are not well-suited for high PTE WPT systems. In the proposed WPT, one of four loops was connected depending on the distance, which was 179 carried out by the SP4T switch. Relays (ARE10A06 by Panasonic) are widely used as switches, since 180 they have high power capability, very low loss (~0 dB), and high isolation at a few tens of MHz 181 frequencies [13] . However, they consume a lot of direct current (DC) power (200 mW per relay) with 182 low switching speed (~10 ms). In addition, the driver circuit was required, because MCU output 183 current is too small to directly drive the relays. In order to solve these problems, the relays can be 184 replaced with semiconductor switches, which have almost no DC power consumption, high 185 switching speed, and simple driver circuit. However, the semiconductor switch exhibits a non-186 negligible loss even at a few tens of MHz frequencies. For example, the GaAs SPDT switch 187 (HMC544A by Analog Devices) shows 0.25 dB loss at 0 (13.56 MHz), so that total loss of the SP4T 188 switch is 0.5 dB. It corresponds to an on-resistance of 5.3 Ω. This may drastically reduce PTE of the 189 WPT system, when the input impedance of the WPT system ( in Figure 3a) is lower than 50 Ω. In 190 the WPT system in [13] , Re { } ranges from 5 to 50 Ω and is matched to 50 Ω by TMC. Figure 6 shows 191 the simulated loss of the switch with on-resistance of 5.3 Ω when the switch is terminated with the 192 impedance at both ports. The loss is 0.5 dB (efficiency = 89.1%) at = 50 Ω. It greatly 193 increases to 3.7 dB (efficiency = 42.6%) at = 5 Ω. Note that the switch is used at both Tx and Rx, 194 so that the total PTE will be dramatically reduced by the loss of the switch. Therefore, the 195 semiconductor switches are not well-suited for high PTE WPT systems. 
199
In order to minimize the PTE degradation due to the switch, we adopted a very low-loss SP4T 200 MEMS switch (ADGM1304EBZ by Analog Devices). It exhibits about 0.12 dB loss at 13.56 MHz (on-201 resistance of 1.6 Ω) which allows only 1.3 dB loss even at = 5 Ω. It also allowed high switching 202 speed (~30 μs) and low power dissipation of 9.9 mW, which was consumed by a companion driver 203 integrated circuit (IC) to generate the high drive voltage of the MEMS switch. In addition, it operated 204 as reflective open at off ports and has very high isolation about 70 dB, which were essential to 205 minimizing the energy coupling to the unselected loops. The digital outputs of the MCU directly 206 controlled the MEMS switch and selected one of four ports to be connected. 207
Rectifier 208
As shown in Figure 2 , the Rx was terminated with a matched load of 50 Ω. The power 209 transferred to the matched load was converted to DC voltage ( ) by the rectifier, which was 210 connected in parallel with a load . The rectifier exhibited a very high input impedance at 13.56 211
MHz, so that it did not change the Rx termination impedance. The designed rectifier consisted of 212 Schottky diode (SMS7621 by Skyworks) and RC filter ( and in Table 3 ) minimizing the ripples 213 in . DC output voltage ( ) is proportional to input power ( ) or the received power. Therefore, 214
the measured was used to estimate the received power and find the optimum loop and 215 In order to minimize the PTE degradation due to the switch, we adopted a very low-loss SP4T MEMS switch (ADGM1304EBZ by Analog Devices). It exhibits about 0.12 dB loss at 13.56 MHz (on-resistance of 1.6 Ω) which allows only 1.3 dB loss even at Z term = 5 Ω. It also allowed high switching speed (~30 µs) and low power dissipation of 9.9 mW, which was consumed by a companion driver integrated circuit (IC) to generate the high drive voltage of the MEMS switch. In addition, it operated as reflective open at off ports and has very high isolation about 70 dB, which were essential to minimizing the energy coupling to the unselected loops. The digital outputs of the MCU directly controlled the MEMS switch and selected one of four ports to be connected.
Rectifier
As shown in Figure 2 , the Rx was terminated with a matched load R L of 50 Ω. The power transferred to the matched load was converted to DC voltage (V o ) by the rectifier, which was connected in parallel with a load R L . The rectifier exhibited a very high input impedance at 13.56 MHz, so that it did not change the Rx termination impedance. The designed rectifier consisted of Schottky diode (SMS7621 by Skyworks) and RC filter (C r and R r in Table 3 ) minimizing the ripples in V o . DC output voltage (V o ) is proportional to input power (P L ) or the received power. Therefore, the measured V o was used to estimate the received power and find the optimum loop and capacitance for best efficiency. It was read by the MCU with 10-bit analog-to-digital converter (ADC), which allowed the voltage resolution of 3.22 mV, which corresponds to PTE uncertainty less than 1%. Figure 7 shows the measured relation between P L and V o with a fitted-curve, where P L is an input power to a load R L with the rectifier in parallel as shown in Figure 2 . The Rx MCU utilizes the fitted polynomial equation (4) to calculate the received power P L from the read V o and compute PTE: capacitance for best efficiency. It was read by the MCU with 10-bit analog-to-digital converter (ADC), 216 which allowed the voltage resolution of 3.22 mV, which corresponds to PTE uncertainty less than 1%. 217 Figure 7 shows the measured relation between and with a fitted-curve, where is an input 218 power to a load with the rectifier in parallel as shown in Figure 2 . The Rx MCU utilizes the fitted 219 polynomial equation (4) 
MCU and BLE Module 224
MCU performs searching and setting the optimum loop and capacitance for the best PTE based 225 on the measured . For this purpose, we selected a low power MCU (Arduino promini) operating 226 at 3.3 V with current consumption of 2 mA. The BLE module (FBL780BC by Firmtech) allowed 227 wireless connection between Tx and Rx with a low power consumption (6.6 mW).
228
For automatic range-adaptation, the fast algorithm was developed as shown below to effectively 229 find the optimum loop and capacitor control voltages. At first, the Rx MCU and the BLE modules 230 would find and start communication with Tx BLE module. Then, the Rx MCU would order the Tx 231 MCU to start the following searching algorithm such that Rx and Tx would simultaneously perform 232 the loop selection and capacitance control. board of the SP4T MEMS switch was utilized, and digital capacitors were soldered onto the sockets. 248 
MCU and BLE Module
MCU performs searching and setting the optimum loop and capacitance for the best PTE based on the measured V o . For this purpose, we selected a low power MCU (Arduino promini) operating at 3.3 V with current consumption of 2 mA. The BLE module (FBL780BC by Firmtech) allowed wireless connection between Tx and Rx with a low power consumption (6.6 mW).
For automatic range-adaptation, the fast algorithm was developed as shown below to effectively find the optimum loop and capacitor control voltages. At first, the Rx MCU and the BLE modules would find and start communication with Tx BLE module. Then, the Rx MCU would order the Tx MCU to start the following searching algorithm such that Rx and Tx would simultaneously perform the loop selection and capacitance control.
1.
Both Rx and Tx connect the loop 1 (V sw,i = 3.3 V for i = 1 and 0 V for otherwise).
2.
For a selected loop, both Rx and Tx change the capacitance from low to high values at 8 points, and Rx MCU measure the rectified voltage V o at each capacitance.
3.
The procedure 2 is repeated for the loop 2, 3, and 4. 4.
Rx MCU determines the optimum loop and capacitance, providing highest V o and η, and send this information to Tx MCU through BLE.
5.
Both Rx and Tx set the optimum loop and capacitance determined in the procedure 4. 6.
Rx MCU measures V o and calculates η periodically (every one second). If η is 5% less than η max , select the loop 1 and repeat the process from the procedure 2.
Energies 2018, 11, 1789 9 of 12 Figure 8a shows the fabricated WPT system for the experiment. Coils and loops were fixed on acrylic plates. A signal generator (Rhode & Schwarz SML 03) is used as a power source producing 10-dBm CW power at 13.56 MHz. It was connected to the input port of Tx circuit. Detailed views of Tx and Rx circuits are shown in Figure 8b ,c. For this proof-of-concept experiment, the evaluation board of the SP4T MEMS switch was utilized, and digital capacitors were soldered onto the sockets. Available power (P avs ) from the signal generator was measured by a power meter (Agilent E4417A) and the delivered power to Rx (P L ) was computed from the measured rectifier output voltage using (4). Then, the efficiency was calculated using (1). The efficiency calculation was confirmed by S-parameter measurement of the system (Figure 2 ) without the rectifier using vector network analyzer. Note that DC power consumption of the MCU and BLE modules, and the MEMS switch, was not included in the efficiency calculation.
Experimental Results
Energies 2018, 11, x FOR PEER REVIEW 9 of 12 (4) . Then, the efficiency was calculated using (1). The efficiency calculation was confirmed by S-251 parameter measurement of the system (Figure 2 ) without the rectifier using vector network analyzer.
252
Note that DC power consumption of the MCU and BLE modules, and the MEMS switch, was not 253 included in the efficiency calculation. 
255
At first, Tx and Rx coils were separated by 50 cm and then Rx MCU performed to find the 256 optimum loop and capacitance following the procedure explained in Section 2.6. After the loop was 257 selected from 1 to 4, the capacitance was digitally controlled from 33.0-187.8 pF at an increment of 258 22.1 pF (or 8 steps). More fine tuning of the capacitance (16 steps) can lead to a little higher optimum 259 efficiency (~0.1%) at the cost of a longer searching time. Figure 9 shows the measured efficiency at 260 every loop and capacitance combination as a function of an elapsed time. Based on this experiment, 261 the loop 2 was selected and the capacitance was set to 33.0 pF to achieve a maximum efficiency of 262
71.2% at 23 = 50 cm. Total searching time was just 320 msec. There were a total 32 combinations of 263 loop and capacitance. Each combination took 10 msec for the measurement, including 220 μsec for 264 capacitance setting, 5 msec delay for Tx/Rx synchronization, and eight rounds of reading and 265 averaging of the rectifier output voltages. After the search was finished, another 20 msec was taken 266 At first, Tx and Rx coils were separated by 50 cm and then Rx MCU performed to find the optimum loop and capacitance following the procedure explained in Section 2.6. After the loop was selected from 1 to 4, the capacitance was digitally controlled from 33.0-187.8 pF at an increment of 22.1 pF (or 8 steps). More fine tuning of the capacitance (16 steps) can lead to a little higher optimum efficiency (~0.1%) at the cost of a longer searching time. Figure 9 shows the measured efficiency at every loop and capacitance combination as a function of an elapsed time. Based on this experiment, the loop 2 was selected and the capacitance was set to 33.0 pF to achieve a maximum efficiency of 71.2% at d 23 = 50 cm. Total searching time was just 320 msec. There were a total 32 combinations of loop and capacitance. Each combination took 10 msec for the measurement, including 220 µsec for capacitance setting, 5 msec delay for Tx/Rx synchronization, and eight rounds of reading and averaging of the rectifier output voltages. After the search was finished, another 20 msec was taken to determine and set the optimum loop and capacitance in both Tx and Rx. Thus, total time required was only 340 msec to find and set the WPT systems to operate at highest efficiency. Total DC power consumption by MCU and BLE module was only 13.2 mW under a 3.3 V supply. It can be further reduced by adopting more power-efficient components so that the proposed system can be more self-sustainable. 275 Figure 10 shows the measured and simulated efficiency of the fabricated WPT system as a 276 function of the distance 23 . Tx and Rx were manually separated from 10 to 100 cm in an increment 277 of 5 cm. Note that the efficiency in this figure is a maximum value at a specific distance when 278 optimum loop and capacitance were selected. This figure clearly shows that PTE exhibited a high 279 value only in a narrow distance range if a single loop was used only with the impedance tuning 280 technique. For example, when loop 1 was used only in WPT, the peak PTE was 80.5% at 23 = 30 cm, 281
and it decreased to 41.6% at 23 = 50 cm. On contrast, in the multi-loop WPT, a loop 2 could be 282 selected at 23 = 50 cm, achieving a much higher PTE of 73.2% which corresponded to a 31.6% point 283 improvement. At a very long distance of 100 cm, the loop 4 was selected and the PTE was 29.7%. In 284 short, the multi-loop technique could achieve high efficiencies over a wide range of distance. The 285 simulation results were also included in Figure 10 , showing a very good agreement with the 286 measurement. The simulation was carried out by the commercial circuit simulator using the 287 component values given in Tables 1-3.  288 At very near distances less than 20 cm, PTE rapidly dropped due to the frequency splitting effect 289 [1, 17] . That is, the resonant frequency started to separate into two frequencies at a tightly coupled 290 transformer. In this case, PTE can be recovered by changing the frequency of the input signal. PTE 291 was increased to 85.9% at 10 cm, with the input signal at 10.60 MHz instead of 13.56 MHz, as shown 292 in Figure 10 (86.0% at 15 cm with input signal at 11.30 MHz, and 86.5% at 20 cm with input signal at 293 12.10 MHz). 294 Figure 10 shows the measured and simulated efficiency of the fabricated WPT system as a function of the distance d 23 . Tx and Rx were manually separated from 10 to 100 cm in an increment of 5 cm. Note that the efficiency in this figure is a maximum value at a specific distance when optimum loop and capacitance were selected. This figure clearly shows that PTE exhibited a high value only in a narrow distance range if a single loop was used only with the impedance tuning technique. For example, when loop 1 was used only in WPT, the peak PTE was 80.5% at d 23 = 30 cm, and it decreased to 41.6% at d 23 = 50 cm. On contrast, in the multi-loop WPT, a loop 2 could be selected at d 23 = 50 cm, achieving a much higher PTE of 73.2% which corresponded to a 31.6% point improvement. At a very long distance of 100 cm, the loop 4 was selected and the PTE was 29.7%. In short, the multi-loop technique could achieve high efficiencies over a wide range of distance. The simulation results were also included in Figure 10 , showing a very good agreement with the measurement. The simulation was carried out by the commercial circuit simulator using the component values given in Tables 1-3. At very near distances less than 20 cm, PTE rapidly dropped due to the frequency splitting effect [1, 17] . That is, the resonant frequency started to separate into two frequencies at a tightly coupled transformer. In this case, PTE can be recovered by changing the frequency of the input signal. PTE was increased to 85.9% at 10 cm, with the input signal at 10.60 MHz instead of 13.56 MHz, as shown in Figure 10 (86.0% at 15 cm with input signal at 11.30 MHz, and 86.5% at 20 cm with input signal at 12.10 MHz).
At very near distances less than 20 cm, PTE rapidly dropped due to the frequency splitting effect 289 [1, 17] . That is, the resonant frequency started to separate into two frequencies at a tightly coupled 290 transformer. In this case, PTE can be recovered by changing the frequency of the input signal. PTE 291 was increased to 85.9% at 10 cm, with the input signal at 10.60 MHz instead of 13.56 MHz, as shown 292 in Figure 10 (86.0% at 15 cm with input signal at 11.30 MHz, and 86.5% at 20 cm with input signal at 293 12.10 MHz). In the above experiment, the Tx and Rx coils were placed in parallel, that is, the angle between Tx and Rx coil planes is 0 • . If Rx coil is rotated from 0 • , the coupling coefficient (k 23 ) decreases and efficiency was degraded compared with Rx coil at 0 • . Figure 11 shows the measured PTE when Rx coil was rotated by 30 • at the distance d 23 from 30 to 100 cm. The efficiency was a little bit degraded from the case with Rx coil at 0 • at the same distance, because of the reduced coupling efficiency. However, this measurement result indicates that the system automatically tries to achieve high efficiency even though Tx and Rx coil are not in parallel. In the above experiment, the Tx and Rx coils were placed in parallel, that is, the angle between 298
Tx and Rx coil planes is 0°. If Rx coil is rotated from 0°, the coupling coefficient ( 23 ) decreases and 299 efficiency was degraded compared with Rx coil at 0°. Figure 11 shows the measured PTE when Rx 300 coil was rotated by 30° at the distance 23 from 30 to 100 cm. The efficiency was a little bit degraded 301 from the case with Rx coil at 0° at the same distance, because of the reduced coupling efficiency. 302
However, this measurement result indicates that the system automatically tries to achieve high 303 efficiency even though Tx and Rx coil are not in parallel. 
Conclusions 308
In this paper, an automatic range-adaptation of magnetic resonant WPT was successfully 309 accomplished over a wide range of the distance using multi-loop and digital capacitors. The whole 310 process, searching and setting the optimum loop and tuning voltages at both Tx and Rx, was 311 performed by using MCU and BLE modules. The proposed range-adaptive WPT system dissipates a 312 very small DC power by replacing the relays with MEMS switch, and by using low power MCU and 313
BLEs. In addition, a simple rectifier was utilized to compute the received power and efficiency, 314 replacing bulky and expensive directional couplers. Therefore, the proposed WPT can be promising 315 for the practical applications such as wireless charging of electrical devices and wireless sensors. For 316 example, the Rx MCU can be used to connect sensors and actuators of which the power as well as of 317 the MCU itself will be supplied by the proposed WPT system. In this application, Bluetooth BLE 318 plays a great role in wireless data communication between Tx and Rx, as well as for the control of Tx 319
and Rx circuits, for high efficiency wireless power transfer. 
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In this paper, an automatic range-adaptation of magnetic resonant WPT was successfully accomplished over a wide range of the distance using multi-loop and digital capacitors. The whole process, searching and setting the optimum loop and tuning voltages at both Tx and Rx, was performed by using MCU and BLE modules. The proposed range-adaptive WPT system dissipates a very small DC power by replacing the relays with MEMS switch, and by using low power MCU and BLEs. In addition, a simple rectifier was utilized to compute the received power and efficiency, replacing bulky and expensive directional couplers. Therefore, the proposed WPT can be promising for the practical applications such as wireless charging of electrical devices and wireless sensors. For example, the Rx MCU can be used to connect sensors and actuators of which the power as well as of the MCU
